Deformation of two Co-Cr alloys was studied by in situ synchrotron X-ray diffraction. Both alloys show stress-induced martensite transformation, which is affected by phase stabilities and transformation strains. Crystal structure of WC in Co-20Cr-15W-10Ni is identified. Compared with other phases present, it is elastically isotropic, exhibits high strength, and can elastically withstand strains exceeding 1 pct. Texture change during phase transformation is explained based on the crystal orientation relationship between c-and e-phases. Due to their high strength, wear and corrosion resistances, and good biocompatibility, cobalt-chromium-based alloys have long been used in medical implants, including dental, [1] orthopedic, [2] and vascular [3] [4] [5] applications. Two alloys within this cobaltchrome family are most common. ASTM F1537 calls for a weight composition of Co-28Cr-6Mo (hereinafter referred to as F1537). The alloy L605 is governed by ASTM F90 and has a composition of Co-20Cr-15W-10Ni. These alloys share some common features: at high temperatures, both alloys are single c-phase materials with an fcc crystal structure. At low temperatures, under the equilibrium condition, c-phase transforms to e-phase with an hcp crystal structure. [6] Since the fcc fi hcp isothermal phase transformation is very slow, the material normally maintains the c-phase structure after solution annealing. Depending on the processing history, secondary phases such as the athermal martensitic e-phase, r-phase, and carbides can arise; these increase the material's strength and hardness, but decrease the ductility and toughness. [7] [8] [9] [10] Stress-induced martensitic e-phase has been reported in both alloys, which can cause rapid hardening and embrittlement during cold forming. [11, 12] While the influences of microstructure and chemistry on stress-induced martensitic transformation (SIMT) in F1537 have been investigated, [13] similar studies on L605 are rare. Despite many years of research with these materials, current micromechanical understanding of these alloys is incomplete. In the current study, in situ synchrotron X-ray diffraction tensile testing was used to observe the micromechanical behaviors of these two alloys. The data presented herein provide insight into the roles of different phases and grain families as well as the evolution of internal strains and textures during deformation at the microscopic level. Finally, these data will be useful in future Integrated Computational Materials Engineering (ICME)-based design approaches.
Two commercially available materials were investigated in this study. Their chemical compositions are listed in Table I . The Ni and Fe additions to L605 give an increased austenitic stability compared with F1537. [9] In addition, L605 has a large amount of W and an elevated C content, which results in tungsten carbide (WC) precipitates after solution annealing. Wire samples of both materials with a diameter of~0.45 mm were annealed at 1079°C for 20 seconds in argon atmosphere followed by a fast quench. In situ synchrotron X-ray diffraction testing was performed at room temperature on beam line 11-ID-C (APS, Argonne National Laboratory). The experimental setup is reported elsewhere. [13] A monochromatic X-ray beam with an area of 0.5 9 0.5 mm 2 and a wavelength of 0.117418 Å was used. The specimen gage length was 20 mm. During the test, the specimen was continuously loaded to an engineering strain of~9 to 10 pct. In the meantime, diffraction images were collected at selected points by a Perkin-Elmer 2D detector. Samples were pulled at a strain rate of 0.5 9 10 À3 /s. Data were processed and analyzed using FIT2D, [14] MAUD, [15] and GSAS [16] software as described in Reference 13. As shown in Figure 1 , the diffraction image of F1537 prior to deformation shows strong c-phase peaks and weak e-phase peaks (Figure 1(a) ). Peak intensities of the e-phase were significantly increased at~10 pct strain ( Figure 1(b) ), suggesting a strong SIMT during deformation. For L605, in addition to the strong c-phase peaks, weak peaks from tungsten-rich carbide (WC) were also seen ( Figure 1(c) ). Peaks of e-phase were not observed in L605 before deformation. No obvious changes were observed after deformation for this material (Figure 1(d) ).
Rietveld refinement [17] embedded in Maud [15] was used to match diffraction images by tuning parameters such as crystal structures, textures, and phase fractions. While experimental results of the F1537 sample were well simulated by Rietveld refinement as illustrated before, [12] peaks of the WC in L605 did not fit the well-known orthorhombic, P À 3, [18] or hexagonal, P À 6 m 2, [19] crystal structures. Instead, these WC peaks match those of a Fe 2 W 2 C phase [20] with a cubic, F d À 3:1, crystal structure. This result is close to the fcc M 23 C 6 precipitates reported by Yukawa et al. [12] Overall, a good fit is achieved between the experimental and modeled results (Figure 2 ). Figure 2 (b) also shows a very weak e-peak between {422}c and {333}c peaks, suggesting the occurrence of SIMT in L605 during deformation. Based on the results of Rietveld fitting, evolutions of the stress-induced e-phase during deformation in both materials are plotted in Figures 3(a) and (d). Before deformation, there was~2 mass pct e-phase in F1537. This was effectively unchanged until the deformation reached to~3.5 pct strain, suggesting that other deformation systems such as dislocation slip and twinning were more active in early deformation. After 3.5 pct strain, e-phase increased at~2.4 mass pct for every 1 pct strain increment. At the end of the deformation, the fraction of e-phase in F1537 was~16 mass pct. In L605, the stress-induced e-phase could only be detected at strains above 5 pct, and only~2.8 mass pct e-phase was produced at the end of the deformation. In addition,~3 mass pct WC was detected in L605 throughout deformation. The slower SIMT in L605 compared with F1537 is due to the higher c-phase stability related to its higher Ni and Fe content. [9] The deformation mode is also affected by the intrinsic Stacking Fault Energy (SFE). A lower SFE promotes c to e martensite phase transformation. With increasing SFE, twinning and dislocation slip gradually dominate the deformation activity. [21] Co, Cr, and Mo all decrease the SFE, [21] while Ni increases the SFE. [22] This also results in slower SIMT in L605 compared with F1537. Lattice parameters of F1537 are a = 3.5875 Å for c-phase and a = 2.5353 Å , c = 4.1243Å for e-phase. Lattice parameters of L605 are a = 3.5939 Å for c-phase, a = 11.05 Å for the carbide, and a = 2.5345 Å , c = 4.1015 Å for the stress-induced e-phase.
Evolution of lattice strains of selected grain families in both alloys is shown in Figures 3(b) , (c), (e) and (f). Here, a grain family is a group of grains that have their common {hkl} plane-normal aligned within 10 deg in the loading direction. Lattice strains were calculated relative to the zero stress state, thus excluding the influence of residual stresses. Behaviors of the c grain families in both alloys share a common feature; in the elastic region, {100}c family had the lowest stiffness, while stiffness values of {111}c and {110}c families were higher and close to each other. These two families thus took more stresses in the elastic region compared with {100}c family and yielded early. Upon yielding (dashed line in Figure 3 ), lattice strains {111}c and {110}c families shifted back toward less tension, while strains of {100}c family moved toward more tension (Figures 3 (b) and (e)), indicating a load transferring from {111}c and {110}c families to {100}c grain family in the early stage of plastic deformation. No stress relaxation or ''kickback'' in lattice strain was seen in {100}c families during deformation. Similar behaviors of yielding and load partitioning have been observed and discussed for other fcc materials. [23] Yielding of c-phase also transferred load to the secondary phase in both alloys, and caused rapid increases in their lattice strains (Figures 3(e) and  (f) ). e-phase showed an obvious elastic anisotropy: f10 12ge family was stiffer and developed less strains compared with f10 11ge family. On the other hand, tungsten carbides in L605 appear to be more elastically isotropic: all selected grain families behaved similarly, and no obvious internal strains were built up among them. It is worth noting that these carbides were able to take elastic strains of greater than 1 pct without apparent yield or fracture during the current study (Figure 3(f) ), suggesting the extremely high yield or fracture strength of these carbides based on their measured elastic moduli (Table II) . For example, the yield or fracture strength of (422) c family could be larger than 3 GPa based on its elastic modulus. Considering the strengthening effect of WC in L605, its yield or fracture strength is important and should be further investigated in the future. Measured diffraction moduli of different grain families in both alloys are listed in Table II . Figure 4 (a) shows an original {111}c and a f10 11ge fiber in F1537. This texture pattern was maintained, but the texture strength was slightly increased during deformation (Figure 4(b) ). In L605, textures of c-and e-phases are similar to that of F1537. The texture of the carbide was nearly random as shown by its uniformly distributed diffraction intensities (see Figure 2) . Considering that [111] c is parallel to [0001]e in Co alloys, [24] it is hard to understand the coexistence of {111}c and f10 11ge textures as a {111}c texture should lead to a {0001}e texture. According to the lattice relationship between the c and e-phases (Figure 4 
Here, the crystal direction in the hcp e-phase is in the form of [UVW]e instead of [uvtw] e. Based on this equation and their lattice parameters, the f10 11ge plane normal, which is the [20.7 10.4 5.9]e direction, is parallel to the [14.2 À 1.3 À 1.3]c direction,~7 deg away from the [100]c direction. Therefore, the f10 11ge texture could come from the {100}c texture, which is one of the major texture components in materials with a fcc crystal structure after axisymmetric tension such as cold drawing or uniaxial tensile deformation. [25, 26] The reason that {111}c grains did not transform to {0001}e grains is due to their zero Schmid factor for h112i slip that is required for the structure change. [27] The selective c to e transformation was previously observed on a Fe-Mn-C alloy plate that experienced a similar fcc to hcp SIMT. [28] In that case, only the {111}c component that located at~60 deg to the rolling direction in the pole figure transformed to e-phase due to their large Schmid factors. It is possible that this {111}c component came from the {100}c grains aligned in the rolling direction considering the~60 deg angle between these two crystal planes. It is worth noting that the {111}c fi {0001}e transition in F1537 is associated with a~0.5 pct compression. This compressive strain is also unfavorable for a tensile deformation. The compressive strain in the 100 f gc ! f10 11ge transformation is~0.18 pct in F1537. The negative strain increment may explain why stress relaxation or strain ''kick-back'' was not observed in the {100}c family during SIMT (Figures 3(b) and (e)). In comparison, the compressions are~1.2 pct from {111}c fi {0001}e transition and~0.6 pct from 100 f gc ! f10 11ge transformation in L605. Larger compressions associated with the structure change in L605 could further inhibit the SIMT in addition to its higher SFE as discussed previously.
In summary, room-temperature deformation behaviors of two Co-Cr-based implant materials in tensile testing were studied by in situ synchrotron X-ray diffraction. SIMT occurs in both alloys, but the phase transformation in L605 is reduced compared to F1537 due to its higher c-phase stability and larger transformation-induced compressive strains. It was determined that WC in L605 has a cubic, F d À 3:1, crystal structure with a lattice parameter of a = 11.05 Å . In contrast to c-and e-phases that show larger elastic anisotropy and internal lattice strains, WC is elastically isotropic, exhibits high strength, and can elastically withstand strains exceeding 1 pct. Among the two major deformation texture components in c-phase, {100}c texture is likely converted into f10 11ge texture, while {111}c grains stay intact due to their zero Schmid factor for h112i slip and larger compressive strains associated with the phase transformation. A {111}c and f10 11ge texture pattern is formed in both materials. This information should be useful in Integrated Computational Materials Engineering (ICME)-based design approaches. 
